Circulating fl uidized bed (CFB) in chemical looping combustion (CLC) is a recent technology that provides a great advantage for gas-solid interaction and effi ciency. In order to obtain a thorough understanding of this technology and to assess its eff ectiveness for industrial-scale deployment, numerical simulations are conducted. Computational Fluid Dynamics (CFD) simulations are performed with Discrete Element Method (DEM) to simulate gas-solid interactions. CFD commercial soft ware ANSYS Fluent is used for the purpose. Low-grade iron is used as the bed material in studying the hydrodynamics and particle behavior in a cross
INTRODUCTION
In 1896, Arrhenius was the fi rst to quantify the contribution of CO 2 to the greenhouse effect and analyze the relationship between long-term variations in climate and the concentration of CO 2 (Arrhenius, 1896) . Since the 1970s, fossil fuels have been the primary fuel of choice for power generation worldwide; today the world uses 39% more oil, 107% more coal, and 131% more natural gas than it did in 1980 (Epstein, 2014) . A greenhouse gas such as CO 2 produced from burning fossil fuels absorbs infrared thermal radiation from solar energy thus increasing the atmospheric temperature and causing global warming. The resulting changes due to global warming in the rain patterns, melting of polar ice caps, and rising sea levels will sharply affect the human and animal habitats and ecosystems. Although the renewable energy sources such as solar, wind, geothermal, tide and ocean waves, as well as nuclear energy can
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alleviate the global warming effects, since they are emission-free, their industrial use is still very limited due to their relatively higher cost and low effi ciency; however, this situation is likely to change in the next decade. Since the fossil fuels are predicted to maintain their position as the dominant energy source in near future (Energy Information Adminstration, 2010), development of techniques for carbon capture from power plants and other industrial processes emitting CO 2 and its sequestration and utilization has become the focus of modern research in the combustion technology.
In recent years, a new technology, Chemical Looping Combustion (CLC), has been put forward for capturing almost pure CO 2 which shows great promise for low-cost high-effi ciency carbon capture. In order to avoid direct contact between fuel (gas or coal particles) and oxygen, this technology employs metal oxide particles as the oxygen carrier. Gaseous fuel is injected into the fuel reactor where it reacts with the oxygen carrier to initiate combustion; the reduced oxygen carrier is then circulated to an air reactor where it is reoxidized by air, and the reoxidized oxygen carrier is then transported back to the fuel reactor to complete the looping process. In this way, CO 2 and H 2 O produced in the fuel reactor due to combustion are completely separated from the air, and no extra separation process is required for capture of pure CO 2 compared to the traditional carbon capture technologies such as postcombustion capture or oxy-fuel combustion which require separation of oxygen from air resulting in a 12 to 20% increase in energy requirements (Lyngfelt and Leckbner, 1999) . The choice of an oxygen carrier has a signifi cant effect on the performance of a CLC system; the ideal oxygen carrier should have high conversion and reaction rates as well as nontoxic behavior (Mattisson and Lyngfelt, 2001 ). The use of solid fuels such as coal or biomass in CLC has also attracted a great deal of attention and several injection methods have been put forward. One method is to inject coal into syngas and obtain a fully gasifi ed fuel mixture which is subsequently injected into the fuel reactor (Banerjee and Agarwal, 2015) . From a CLC perspective, using pregasifi ed coal in the fuel reactor is essentially identical to using gaseous fuel. An alternate method, known as coal-direct chemical looping combustion (CD-CLC), is to inject pulverized coal directly into the fuel reactor where it devolatilizes and is gasifi ed before reacting with the oxygen carrier (Gnanapragasam et al., 2009 ). For CLC, there are various types of fuel reactor confi gurations, namely, the packed bed, moving bed, bubbling bed, or fast fl uidized bed, while for the air reactor, the most common confi guration is the moving bed. The moving bed has advantages of low pressure drop, continuous solids fl ow, and a large gas-solid contact area. By adjusting the solids circulation rate, the moving bed can produce a region where the gas-solid slip velocity remains constant. In this paper, CFD simulations of a cold fl ow model are conducted to understand the hydrodynamic behavior inside a cross fl ow moving bed.
Majority of the CLC studies have been performed by conducting small-scale experiments in a laboratory. There are very few pilot-scale CLC plants and hardly any large-scale industrial plants. Due to the high cost associated with industrial-scale CLC plants, computational fl uid dynamics (CFD) simulations of CLC systems can provide a much cheaper alternative to study their detailed hydrodynamics, chemistry, and performance (Jung and Gamwo, 2008) . However, even though laboratory-scale and pilot-scale studies of CLC are common in the literature, numerical simulations using CFD have been limited. By selecting different modeling approaches, simulations of multiphase fl ows of granular solid and gas systems with different fl uidized beds can be performed. The Eulerian-Eulerian or two-fl uid model considers both the gas and solid phase as interpenetrating continua, and the mass, momentum, and energy equations are obtained by averaging the particle variables over an appropriate region with constitutive relations for the solid phase obtained from the kinetic theory of granular fl ow which is an extension of the classical kinetic gas theory. The work of Ding and Gidaspow (1990) shows good agreement for a bubbling bed simulation using the two-fl uid model. The Eulerian-Eulerian approach requires less computational resources and is often used for pilot-and industrial-scale modeling (Almstedt and Enwald, 1999) . However, its disadvantage is that due to the treatment of the solid phase as a continuous phase, it cannot trace the particles' dynamics. The Eulerian-Lagrangian approach, also known as the discrete element method (DEM), treats the gas as a continuous phase and the solids as discrete particles that are tracked individually. The particle tracking is coupled with the CFD solution for the fl uid phase by considering the interaction between the particles and the fl uid separately for each particle. However, due to the limitation of computational resources, DEM models are typically limited to small scale applications with the number of particles normally constrained to around 1 million (Ghaboussi and Barbosa, 1990) . For the purpose of better accuracy, this paper employs the discrete element method to simulate the moving bed behavior.
In the cold-fl ow experiment conducted at the Southeast University in China, Wang et al. (2013) discuss the problem of controlling the solids transfer and circulation rates in a moving bed reactor. By employing numerical simulation, the cause of this problem can be investigated thoroughly. Given the number of particles involved in the experiment and the level of accuracy desired, DEM is well-suited for this simulation. CFD simulation of the multiphase gas-solid fl ow using DEM is conducted and validated against the experimental data of Wang et al. (2013) . The hydrodynamic behavior at various bed heights is investigated. The aim of this paper is to demonstrate the capability of DEM simulation in modeling a laboratory-scale moving bed and lay the foundation for large-scale simulations using solid fuel in industrial-scale modeling of a CLC system.
MODELING APPROACH FOR CFD/DEM SIMULATION
The modeling done in this paper employs the commercial CFD simulation package ANSYS Fluent release version 17.1 (ANSYS, 2016). Since no chemical reactions are considered in this cold-fl ow simulation, only the mass and momentum conservation equations are required to compute the gas phase fl ow fi eld.
The gas phase is treated as a continuous phase, and the mass conservation (continuity) equation can be represented as
where α f , ρ f , and u f represent the local volume fraction, density, and velocity of the fl uid phase, respectively. The conservation of momentum equation is written as
where ρ f , τ f , and g are the the fl uid pressure, fl uid shear stress tensor, and the acceleration due to gravity, respectively, and R sg is the transfer of fl uid momentum to the solid phase obtained from the average of the drag forces acting on all the discrete particles in a given computational cell. For an incompressible Newtonian fl uid, the shear stress tensor τ f is simply the Cauchy stress tensor with zero bulk viscosity:
For the solid phase, the trajectory of the particles is obtained from the force balance equation given by ( )
The collision force in Eq. (4) is computed using the soft-sphere model. The softsphere model decouples its normal and tangential components. The normal force on an individual particle due to collision is given as ( )
where δ stands for the overlap between the particle pair as shown in Fig. 1 , γ represents the damping coeffi cient, e is the unit vector in the direction of u 12 , which is the relative velocity of the colliding pair. Link (1975) has shown that the results have no dependence on the choice between soft-sphere model and hard-sphere model for large values of K. The tangential collision force is given as
where μ is a function of the relative tangential velocity v r given by 
To predict the pressure drop in a packed bed/moving bed, the Ergun equation (Ergun, 1966) is used which gives the pressure drop in a packed/moving bed of height L:
where L, α g , d p , u 0 , and ρ g represent the bed height, porosity, particle diameter, superfi cial velocity, and the gas density, respectively.
SIMULATION OF CROSS FLOW MOVING FLUIDIZED BED WITH IRON AS THE BED MATERIAL
In this section, a coupled CFD/DEM model for a cross fl ow moving bed of the novel iG-CLC air reactor is developed with low-grade iron as the bed material. The simulation results provide an understanding of the pressure drop and particle velocity distribution at different heights in the bed. The iG-CLC laboratory-scale experiment has been conducted by Wang et al. (2013) at the Southeast University.
Geometry and Mesh
The geometry and mesh inside the air reactor are shown in Figs. 2 and 3 , respectively. To reduce the computational cost of simulation, the geometry is a 0.5:1 scale model derived from the novel iG-CLC experimental system. The cuboid-shaped air reactor is 1 m in height and the channel of moving bed is 700 mm in height, 100 mm in width, and 100 mm in depth. The angle, length, and spacing of the louver are 75 o , 130 mm, and 60 mm, respectively. The mesh is generated so that the solution is stable when using the second-order numerical scheme with minimal underrelaxation to achieve faster convergence at each time step when using ANSYS Fluent.
Modeling Parameters
The low-grade iron particles used in the bed have a density of 3505 kg/m 3 and average diameter of 710 μm. To reduce the computational cost of simulations with CFD/ DEM considering individual particles, the parcel concept is implemented to reduce the number of particles required for tracking in DEM. The parcel diameter is set at 0.002 m, which is slightly less than the minimum numerical cell size. The minimum fl uidization gas velocity is 0.45 m/s. Particles are injected from the top particle inlet of the reactor at a constant mass fl ow rate of 4.4 kg/m 2 /s. The oxygen is injected from the gas inlet at a horizontal velocity of 0.00489 m/s and a vertical velocity of -0.01826 m/s obtained from the fl uidization number. The fl uidization number is defi ned as the ratio between the superfi cial gas velocity and the minimum fl uidizing velocity of the bed material. The boundary conditions at the gas inlet and gas outlet are the velocity inlet and pressure outlet, respectively. The boundary conditions at the particle inlet and particle outlet are modeled as the walls with the DEM particles injected and escaping, respectively. The key modeling parameters used in the CFD/DEM simulation are given in Table 1 .
Results and Discussion
The simulation is carried out on a Dell workstation using a six-core Intel Xenon CPU with ANSYS Fluent v.17.1 (ANSYS, 2016). The total simulation takes up about 0.5 s.
The total pressure distributions are monitored at gas inlet and gas outlet. The particles distributions are inspected at 2 ms intervals and are presented in Fig. 4 . In Fig. 4 , the moving bed regime in the air reactor is evident. Once the particles are injected, they move downward towards the particle outlet, and the gas injection slightly changes the horizontal velocity due to its small value but accelerates the falling particles. The leading particle clusters reach the reactor bottom at about 20 ms. The pressure change with time at the inlet and outlet and the difference between the two are shown in Fig. 5 . From Fig. 5 , it can be seen that the area-averaged total pressure at the gas inlet is larger than that at the gas outlet, which implies that the horizontal pressure gradient is generated to induce the fl uidization of particle cluster. Furthermore, the total pressure becomes constant after 0.05 s, which indicates that stable circulation is achieved inside the reactor. The difference in the total pressure between the inlet and outlet has the same shape as the total pressure at the gas inlet and gas outlet but differs in value; the total pressure difference becomes constant at 0.02 s, and the time-averaged total pressure difference is 291 Pa. According to the Ergun equation, once the bed material and superfi cial velocity are fi xed, the pressure gradient is also fi xed, and thus the scaled experimental pressure drop is 289 Pa (Wang et al., 2013) . Thus, the simulated pressure drop from Fig. 5 is in good agreement with the experimental value. This result clearly demonstrates the validation of the numerical simulation for a cross fl ow moving bed air reactor.
Next, the particle velocity distributions in various planes of the moving bed are calculated. Four monitors at 0.1 m, 0.2 m, 0.3 m, and 0.4 m bed height are used as shown in Fig. 6 .
In Fig. 6 , time variation of area-averaged particle velocity at various planes of the reactor is shown; all particles other than those in the lowest plane (shown in blue in Fig. 6 ) achieve the same fi nal velocity which demonstrates that a stable moving bed regime has been developed fully in the air reactor. The reason for the slightly higher particle velocity in the lowest plane is due to the change in its cross-sectional area. At the lower plane, in order to connect the down-comer the channel begins to shrink and by conservation of mass, the particle velocity increases accordingly. Figure 7 shows the contours of particle velocity in planes at various bed heights in the reactor.
From Fig. 7 , it can be seen that once the cross fl ow moving bed regime becomes fully developed, particle velocity distributions at different bed heights remain unchanged except in the lowest plane for the reason explained above. In this condition, the gravitational force is balanced by the drag force, and the particles move at the same velocity towards the outlet which is exactly the behavior expected in a moving bed reactor.
Since the fl ow pattern inside the reactor is largely infl uenced by the movement of the particles, the fl ow fi eld inside the reactor is investigated. The development of fl ow fi eld inside the reactor is shown in Fig. 8 .
From Fig. 8 , it can be seen that as the particles move towards the outlet, the fl ow fi eld changes gradually, and the vortices are generated due to the differences in the pressure gradient. Once the fl ow stabilizes, a dual-vortex pattern is formed. The gas is injected from the gas inlet on the left and escapes from the gas outlet on the right. The injected gas moves downward at an angle of 75 o before it encounters the particle wall. Then the gas moves straight downward due to the pressure gradient, with its velocity gradually decreasing. The gas fi nally switches direction and moves upward; during this process, a vortex is formed. Finally, the gas reaches the top boundary, and then another vortex is formed. On the right side of the air reactor, due to the pressure difference between the top and bottom boundaries, reversible fl ow is generated on the top part of the gas outlet, and this gas fl ow moves directly towards the bottom part, thus achieving a circulation. This fl ow pattern also explains the nearly constant particle velocity in the center region of the reactor shown in Fig. 6 .
CONCLUSIONS
In this pa per, CFD/DEM multiphase cold fl ow simulations in a cross fl ow moving bed air reactor are conducted by using ANSYS Fluent. By using iron as the bed material, the simulation shows excellent agreement with the experimental data obtained by Wang et al. (2013) at the Southeast University. By employing the experimental conditions for the particle injection rate and gas injection velocity, the simulation shows a stable circulation rate inside the reactor, and successfully captures the fl ow fi eld as well as the particle dynamics inside the moving bed. The simulation shows the emergence of a dual-vortex pattern during the circulation process, which is an important and expected feature of the fl ow fi eld inside the moving bed reactor. The simulation demonstrates that the hydrodynamics and particle dynamics and fl ow properties such as the pressure and velocity fi eld inside a moving bed air reactor can be accurately described by employing the CFD/DEM methodology; this conclusion can be benefi cial in the analysis and design of industrial-scale moving bed reactors for CLC and other applications using the CFD technology.
